reiterated the statement of Lightfoot et al. (1987) that a stable system is defined as one that changes least in response to changes in environment. Raun et al. (1993) used stability analysis (linear regression of treatment yield on location/year environment mean yield) to interpret significant year × treatment interactions detected in analysis of variance models from long-term soil fertility experiments. They concluded that stability analysis could be useful for continuous-site experiments where treatments are applied to the same plot year to year. DÖring et al. (2015) suggested the use of a different stability index (POLAR stability) based on Taylor's Power Law relationship between the mean and variance of yield (Taylor, 1961; Cohen, 2013) and applied it to quantifying stability of crop yields. The index is computed as the deviations from the regression of log(variance) on log(mean). Wricke's (1962) ecovalence defines the stability measure of a rotation as the rotation × year interaction effects for rotation i squared and summed across all years (Lin et al., 1986) . Other measures of yield stability typically include coefficient of variability (CV), yield range, and standard deviation of yield (Temesgen et al., 2015) . Piepho (1998) stated that in stability analysis, cropping systems are often judged as stable when some variance component is small. However, assessing risk of a poor yield is often more important than determination of yield stability. Piepho (1998) reasoned that producers can usually better accept systems that produce high average yield with larger yield variance than lower yielding systems with small yield variance. As such, an assessment of system yield stability should take both the mean yield and variance into account. He also stated that measures that assess risk of a system yield falling below a certain level or the risk of one system consistently outyielding another system may be more useful than a quantification of system variance.
Despite the fact that previous studies have shown the increased productivity and economic advantage of cropping systems that increase cropping intensity by reducing fallow frequency (DeVuyst and Halvorson, 2004; Dhuyvetter et al., 1996; Peterson and Westfall, 2004) , there still remains a great deal of production in the WF system (both NT and CT). Part of the reason for farmer reluctance to change cropping system may be due to an uncertainty regarding how intensification of the cropping system will affect wheat yields and wheat variability. Therefore, the objective of this experiment was to quantify wheat yields, yield stability, and probability of obtaining a specified minimum wheat yield in eight dryland rotational systems varying in CI from one crop in 2 yr (0.5) to continuous cropping (1.0).
mATERIAlS And mEThodS
Winter wheat yield data were collected from 1993 to 2016 as part of an ongoing long-term alternative crop rotation experiment conducted at the USDA-ARS Central Great Plains Research Station (40°09´ N, 103°09´ W, 1383 m elevation above sea level) located 6.4 km east of Akron, CO. The soil was a Weld silt loam (Aridic Argiustolls). The long-term experiment was established in the fall of 1990 and has been previously described by Anderson et al. (1999) , Bowman and Halvorson (1997) , and Nielsen and Vigil (2010) . Winter wheat was grown in eight different crop rotations (Table 1 ) varying in length of rotation cycle (2-yr, 3-yr, 4-yr) and cropping intensity (CI, 0.50, 0.67, 0.75, 1.00; 0.50 is one crop in 2 yr, 0.67 is two crops in 3 yr, etc.). Variation in available soil water at wheat planting in a given year occurred because of differences in water use by the various preceding crops in the rotation [proso millet, corn, or pea (P, Pisum sativum L.)], or the intensity of the rotation. Each phase of each rotation appeared every year. Individual plot size was 9.1 × 30.5 m with east-west row direction. Each year of the study had three replications of each rotation.
All rotations were managed under no tillage management with weed control during both cropped and noncrop periods consisting of contact and residual herbicide applications applied at recommended rates. Herbicides used were glyphosate ([N-phosphonomethyl]glycine); paraquat (1,1´-dimethyl-4,4´-bipyridinium dichloride); atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine); 2,4-D (2,4-dichlorophenoxyacetic acid); dicamba (3,6-dichloro-2-methoxybenzoic acid); fluroxypyr ([(4-amino-3,5- 
Dates of wheat planting, cultivars grown, seeding rates, row spacings, fertilizer applied, and grain drills used are given in Table 2 . Harvest sample areas were approximately 41 m 2 . Wheat grain yield is reported at 125 g kg -1 moisture content.
The effect of rotation on mean wheat yield was determined by analysis of variance (AOV) with Statistix 10 software (Analytical Software, Tallahassee, FL) using the General AOV option with year as a random effect and rotation as a fixed effect (Gomez and Gomez, 1984) . Rotation treatment effects were considered significant when the probability of achieving a greater value of F in the analysis of variance was ≤ 0.05.
Yield stability was quantified by several measures: range, standard deviation, and coefficient of variability (CV) for wheat yields in the eight rotations over the 24-yr period of the experiment. Additionally, the stability analysis method described by Raun et al. (1993) was used in which wheat yield from each rotation in each year of the study was plotted against the mean yield averaged over all eight rotations in a given year. Linear regressions were fit to the 24 data points for each rotation to determine regression line slopes for rotation comparisons (rotations with smaller regression slopes were considered more stable). The POLAR stability index described by DÖring et al. (2015) , based on Taylor's power law relationship between the variance Table 1 . Crop rotations used for winter wheat yield stability evaluation, Akron, CO (1993 CO ( -2016 .
Rotation † Years in rotation cycle Cropping intensity ‡ W-F(CT) 2 0.50
and mean of wheat yields over 24 yr, was also calculated for each rotation. Additionally, the Wricke ecovalence (Wricke, 1962; Stelluti et al., 2007) was calculated for each rotation. The eight rotations were ranked for yield stability based on the mean stability rank (averaged over the six stability measures). The methods described by Piepho (1998) to determine the probability of a wheat yield in a given rotation falling below some minimum yield and the probability that one rotation will outyield another rotation were also employed in the assessment of yield stability. In this particular analysis, 1500 kg ha -1 was arbitrarily selected as the minimum acceptable yield, which was 60% of the Colorado 10-yr avg. winter wheat yield of 2500 kg ha -1 (2007-2016; https://quickstats.nass.usda.gov, accessed 20 July 2017).
RESulTS
Precipitation over the course of the experiment was highly variable (Table 3) (Table  3 ). The greatest yield (averaged over rotations) was obtained in 2003 (4459 kg ha -1 ) when growing season precipitation was 383 mm (48% greater than the 24-yr avg. precipitation). The lowest average yield was observed in 2013 (336 kg ha -1 ) when the growing season precipitation was 177 mm (68% of the 24-yr avg.). Over the 24 yr of the study, wheat yields were not significantly different among the WF(NT), WCF, WCMF, and WMF rotations (avg. yield 2942 kg ha -1 ). All of these rotations were wheat following fallow in a no-till management system. The next greatest average yield (2223 kg ha -1 ) was observed in the WF(CT) system, followed by the WCMP system where wheat was preceded by pea (1845 kg ha -1 ). The lowest yields were obtained from the rotations where wheat followed millet (WM, WCM), averaging 1492 kg ha -1 . Similar yield results were reported by Nielsen and Vigil (2014) in the analysis of 15 yr of data from the same study that showed the consistently greater wheat yields obtained for wheat following fallow vs. wheat following millet or pea. Nielsen et al. (2002) demonstrated that wheat yields were significantly influenced by amount of available soil water present at planting, which was greatly influenced by cropping system (previous crop being millet, pea, or fallow) and by prior precipitation events that acted to increase stored soil water. They also documented the consistently lower amounts of available soil water at wheat planting in the conventionally tilled system than in no-till systems, leading to lower yields in WF(CT) compared with WF(NT), WCF(NT), and WMF(NT).
This tillage effect is clearly seen in the graph of yield vs. CI (Fig. 1) . The graph shows that for the 0.5 CI rotations [WF(CT), WF(NT)], the yields were 769 kg ha -1 lower for WF(CT) than for WF(NT) because of the lower starting soil water (data not shown) for WF(CT) compared with WF(NT). Also for the 1.0 CI rotations (WM, WCM, WCMP) the difference in length of time between previous crop harvest and wheat planting is obvious, with 22% greater yield following pea (harvested approximately 11 wk prior to wheat planting) compared with wheat following millet (harvested approximately 3 wk prior to wheat planting). The additional 8 wk of noncrop period prior to wheat planting in the WCMP increased the opportunity to store precipitation that was used to produce an extra 353 kg ha -1 of wheat. Increasing CI for the other no-till rotations with fallow ahead of wheat (WCF, WMF, WCMF) did not decrease yield below what was observed with the less intense WF(NT) rotation.
The ranges, standard deviations, and CVs of wheat yield for the eight rotations are presented in Table 3 . The relative ranks of these three variability parameters are shown in Table 4 . The three rotations with the lowest yield ranges over the 24 yr of the experiment were WF(CT), WF(NT), and WCMP (avg. 3874 kg ha -1 ). The three rotations with the highest yield ranges were WCM, WCF, and WCMF (avg. 4387 kg ha -1 ). The three rotations with the lowest standard deviations of yield over the 24 yr of the experiment were WF(CT), WF(NT), and WMF (avg. 909 kg ha -1 ). The three rotations with the highest standard deviations of yield were WCMF, WM, and WCF (avg. 1054 kg ha -1 ). The three rotations with the lowest CVs over the 24 yr of the experiment were WF(NT), WMF, and WCMF (avg. 33%). The three rotations with the highest CVs were WCMP, WM, and WCM (avg. 64%).
To use the stability assessment methodology described by Raun et al. (1993) where the slope of the linear regression of rotation yield on mean yield is determined for each rotation, the change in yield over time should not differ among the rotation treatments (Guertal et al., 1994; Grover et al., 2009 ). We found that for zero of the eight rotations was there a significant relationship between yield and year (P values ranging from 0.66 to 0.98), and there were no statistically significant differences in slopes of the regressions of yields on year between pairs of rotations. The slopes of the regression of rotation yield on mean yield are shown in Table 3 with the relative rank shown in Table  4 . The three rotations with the lowest slopes were WF(CT), WF(NT), and WCM (avg. 0.9174). Using this criterion, these three rotations would have the greatest yield stability. The three rotations with the highest slopes (and therefore, lowest yield stability) were WM, WCMF, and WCF (avg. 1.0885). The POLAR stability index and the Wricke ecovalence are also shown in Table 3 with relative rank shown in Table 4 . The three rotations with the lowest POLAR values were WF(CT), WF(NT), and WCM (avg. -0.0577). The three rotations with the highest POLAR values were WM, WCMF, and WCF (avg. 0.0537). The three rotations with the lowest Wricke's ecovalence were WMF, WCMF, and WF(NT) (avg. 1,983,672). The three rotations with the highest Wricke's ecovalence were WCM, WCMP, and WCF (avg. 4,627,489). The stability rank averaged over the six stability parameters (Table 4 ) ranks the eight rotations (from most stable to least stable) as WF(NT), WF(CT), WMF, WCMP, WCM, WCMF, WM, WCF.
As stated earlier, Piepho (1998) reasoned that cropping systems should also be evaluated with measures that assess risk of a system yield falling below a certain level or the risk of one system consistently outyielding another system, and that these evaluations may be more useful than a quantification of system variance. To use the method proposed by Piepho (1998) , yields must be normally distributed. We calculated the Shapiro-Wilk Normality Test statistic (W) for each rotation and found those values ranging from 0.9333 to 0.9797, confirming that all rotations exhibited normally distributed yields. However, the yield probability distributions that we constructed after the manner described by Piepho (1998) produced counterintuitive results (graph not shown). The highest probabilities of producing yields under 1500 kg ha -1 were found for the WCMF, WCF, and WMF rotations (0.36-0.52) while very low probabilities of producing yields under 1500 kg ha -1 were found for the WCMP, WM, and WCM rotations (0.07-0.08). However, the lowest probability of producing a yield under 1500 kg ha -1 was seen for the WF(NT) rotation (5%), which does seem logical. It does not seem reasonable that the probabilities of producing a yield less than 1500 kg ha -1 should be greater for WCMF and WCF than for rotations where wheat follows millet or pea.
One of the advantages of having a long-term record of yield such as available from this current study is the ability to produce a cumulative yield probability distribution from actual data points rather than generated by a statistical methodology. The actual measured yields are plotted as a cumulative probability distribution in Fig. 2 , and show much more reasonable probabilities of obtaining a yield lower than 1500 kg ha -1 for the eight rotations. The rotations that have wheat following millet have the highest probability of a lower yield (0.49-0.58), followed by wheat after pea (0.35), followed by the rotations with wheat preceded by a conventional till fallow period (0.13), followed by the rotation with wheat preceded by a no-till fallow period (0.03).
We followed the method presented by Piepho (1998) and Stelluti et al. (2007) to assess the probability that one rotation outyields another rotation in wheat production over the broad range of environmental conditions that can occur over a 24-yr period. The results of that analysis are given in Table 5 . The rotations managed under no-till conditions [WF(NT), WCF, WMF, WCMF] all have a probability of 0.983 or greater of outyielding wheat production in the rotations where millet is grown ahead of wheat. Those four rotations also have a probability of 0.948 or Fig. 1 . Wheat yield vs. cropping intensity for eight dryland cropping rotational systems at Akron, CO. W, wheat; C, corn; M, proso millet; P, pea; F, fallow; CT, conventional tillage; NT, no till.
greater of outyielding wheat production in the WCMP rotation. That rotation has a probability of 0.698 or greater of outyielding wheat production in the WCM and WM rotations. The four no-till rotations have a probability of 0.905 or greater of outyielding wheat production in the WF(CT) rotation. The WF(CT) rotation has a probability of 0.913 or greater of outyielding wheat production in the WCM and WM rotations, and a probability of 0.756 of outyielding wheat production in the WCMP rotation.
dISCuSSIon
The six measures of yield stability shown in Table 4 exhibit some variability in relative rank by rotation. The WF(CT) and WF(NT) rotations were ranked as either the most stable or second most stable rotations by four of the stability measures. The WCF was ranked as least stable or second to least stable rotation by four of the stability measures. The WCMF was ranked as the least stable or second to least stable rotation by three of the stability measures. The WMF was ranked as the fourth most stable rotation by three of the stability measures, the most stable rotation by the Wricke ecovalance, and second most stable rotation by CV. Two of the stability measures (slope of the yield vs. mean yield line and the POLAR stability index) gave the same stability rank order, with WF(CT) and WF(NT) as most stable and WCMF and WCF as least stable. The WCF rotation ranked as the least stable rotation according to the average rank shown in Table 4 because it showed the Table 3 . Growing season precipitation, winter wheat yields, and yield stability parameters for wheat grown at Akron, CO (1993 CO ( -2016 
mm --------------------------------------kg ha -1 --------------------------------------Precipitation and yield 1993
second greatest yield range, greatest standard deviation of yield, and the greatest yield response to favorable environmental conditions (greatest slope of yield vs. mean yield line).
Wheat yields for the WMF rotation were considered to be more stable than yields for the WCF rotation as quantified by all six stability parameters. This is likely the result of the very strong influence that soil water content at wheat planting has on wheat yield in this environment (Nielsen et al., 2002) and due to greater stability in available soil water content at wheat planting with the WMF rotation. We found greater variability of available soil water at wheat planting for the WCF rotation compared with the WMF rotation as quantified by range (192 vs. 146 mm) , standard deviation (46 vs. 40 mm), and CV (22.0 vs. 19.5%) of available soil water at planting. Millet is a shallower-rooted crop than corn, with most of the millet water extraction taking place in the top 90 cm of the soil profile (Lyon et al., 2008) . The soil water already stored in the lower half of the soil profile during the period following wheat harvest would thus be less affected by the millet crop than by the corn crop. Additionally, the shorter growing season for millet compared with corn and the lower amounts of water use by millet compared with corn likely results in a greater chance that both the upper and lower halves of the soil water profile at wheat planting would be brought to somewhat more consistent, less variable soil water contents at wheat planting resulting in greater wheat yield stability.
Our interactions with farmers lead us to agree with the observation of Piepho (1998) that we paraphrased earlier, i.e., farmers can usually better accept systems that produce high average yield with larger yield variance than lower yielding systems with small yield variance. With that in mind, it seems that if a wheat-fallow system is to be intensified, then WCF, WMF, and WCMF are more likely options than the lower yielding WCMP, WM, and WCM rotations. With the fallow phase remaining in place prior to wheat production, there is essentially no effect on wheat yield. This result contrasts sharply with the observation of 45% lower average wheat yield produced following pea and millet production (Fig. 1, Table 3 ) than following fallow. The three more intense rotations with fallow (WCF, WMF, and WCMF) all have essentially the same low probability (about 0.04) of producing less than the minimally acceptable yield of 1500 kg ha -1 (Fig. 2, lower panel) , which also contrasts sharply with the much higher probabilities of producing less than the minimally acceptable yield for wheat following pea or millet (0.36 < P < 0.58). If the farmer is particularly averse to wheat yield variation from year to year, he/she might elect to employ the WMF rotation, which exhibited greater yield stability than WCF and WCMF for all six yield stability measures shown in Table 3 and  Table 4 . Risk-averse farmers are also likely to avoid rotations with corn as a rotation component because of the very large variations in dryland corn yields that have been documented in this region (Sherrod et al., 2014; Johnson et al., 2014; Nielsen et al., 2009) , and the 49% higher input costs associated with corn production (Nielsen et al., 2016b ) compared with millet production Fig. 2 . Cumulative probability distributions of wheat yields at Akron, CO, generated from measured yields for eight dryland rotational cropping systems. W, wheat; C, corn; M, proso millet; P, pea; F, fallow; CT, conventional tillage; NT, no till. (Döring et al., 2015) . ¶ Wi 2 is the Wricke ecovalence (Wricke, 1962; Stelluti et al., 2007) .
input costs. However, these are not the only factors that might influence a farmer's decision regarding which more intense cropping system to employ. Other important factors would likely include the average yield and yield variability for both millet and corn, as well as the prices received and price variability for these two crops. In an analysis of data from this same experiment of the 5-yr period of 2011 to 2015, Nielsen et al. (2016b) determined that the net income from the WCF rotation was not different from that produced by the WMF rotation. Therefore, the decision as to which rotation to choose (WCF or WMF) when intensifying a cropping system from WF may depend on which variability a farmer feels more willing to endure. Wheat yield variability will be less with the WMF rotation than with the WCF rotation, but millet yield and price variability will be greater than corn yield and price variability (data not shown).
ConCluSIonS
It is difficult to state unequivocally which of these cropping systems would be the best choice to employ in a dryland farming operation in the Central Great Plains. The decision will depend on a combination of factors including yield stability and probability of achieving an acceptable yield, as well as other factors not discussed in this paper such as total system profitability (Nielsen et al., 2016b) , resource conservation, availability of row crop planting and harvesting equipment, and protection against soil erosion. Additional valuable information to help a farmer make the cropping system decision can be gathered from the results of this analysis, which showed that wheat yields were relatively stable in the WMF rotation and wheat production in that system has a very low probability of producing a yield of less than 1500 kg ha -1 .
